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© An amperometric sensor comprises a working electrode, a reference electrode, an enzyme whose catalytic 
N activity on a substrate results in electroactivity, and an enhancer compound which enhances the detected 
^electroactivity. 
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ENHANCED AMPEROMETRIC SENSOR 
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Background of the Invention 

The present invention relates to sensors, and more JS^JS*- 

others. Such sensors are based on 
European Patent Specifications iw*>. — "TV*^ t^er and can be used to 

enzyn* systems, optionally with electron transfer agents to asast ch JW^JJ* ^ 
detect, for example, naturally occurring metabolites such as glucose « 'J^SnbsS up .olhal thereto 

duc *d to the body such as - J-J^J^ Sl-on of analyte. 

a response at the amperometnc electrochemical se nsor wraw in » i» j EP 127958 . 

hand-held or desk-top j^T^, ^ , 0 alIow for reactio n, a reading can be taken by poising the 
After a predetermined im-d^a^.. K — ■« roa , lHant ^un-ent for a set time. By reference to 

A median is nol *W necessary *» » aluttaWt. potenlial is eoit»e»l«i»i 

desert** a s»aem k. .»*•* ^"^J^SS""-*" 1 *" 
. ■* suspeeted ot «MM» " "T^^JZSS^™* ™ <""*» " < "*' 3 

Ss b strrrpSS s ,=?:sr^^ sn— - - — — - 

jo the assay reaction. ^ . ucn an amperometnc sensor, 

More generally, with some enzyme „ an inhibitor of the 

the charge transfer which might otherwise be obtained. 
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. It is an object of this invention to pro.de a new eiec^hern^ ^^^TZZ 
detection of a substrate. A further object is the provision 01 f 

compound that can 



Summary of the Invention 

,„ accordance with the present invention, an enhancer compound Is incorporated in the sensor in order 
to lead to an increased signal in the analytical system. comrjrisinq a working electrode, a 

To this end. the present ■^^" < 3££E ZZZS£m> - Chancer com- 

reference electrode, an enzyme whose catalytic activity n*>u.u> 
pound which enhances the detected electroactivity. 
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Preferred Embodiments of the Invention 

In a preferred aspect, the amperometric assay system involves enzyme action on a substrate, and the 
enhancer compound reacts with the product to increase the current, 
s For example, the enhancer compound can serve to react with inhibiting or interfering compounds 
present ,n the system, including inhibiting compounds produced by enzyme action on the substrate.^ this 
latter respect the present invention is particularly appropriate for use with enzyme/substrate combinations 
where the enzyme is being employed to drive an equilibrium reaction in an unfavourable direction In the 

,„ T° VaS . ° f * e pr0duct by ,Urther reaction "* **> ennanC8r com P<™d ^ the effect of 

io pulling the equilibrium in the desired direction. 

nr jL an ° , !L er e T PlB ' the j enhancer «™P°«nd can serve to react with an electroinacUve compound 
EE ^system. ,n order to convert it to an electroactive compound. In this respect the present 
invention is. particularly appropnate for use with enzyme/substrate combinations where the enzyme acts on 
a substrate to give an electroactive compound. As part of the amperometric detection, such a compound is 

™ „ ■ !!" e ' eCtr0inaCtiVe C ° mp0und - ™* 9nhancer com P° und can generate an electroactive 
compound, leading to increased cunent 

no J"h.T y !| tUa,i0 " s ; when testin 9 for sui,abte dancer compounds, we have found that it is readily 
possible to obtam a false negative- result Specifically, we have found that there is the possibility that the 

», ™lT, r h COmPO r' ^ teaCt TOt ° nly With 016 intend9d ~ m P°"°n«. ^t also with the enzyme itself 
20 Witivsuch an enhancer compound, the possible enhancement of current is frustrated by accompanying 

reaction of the enhancer compound with the enzyme. Overall, the effect is to negate the current increase 
which might otherwise be achieved with the adoption of the enhancer compound 

m 9 nI^ e ^ S f n, inVenU ° n S6ekS t0 aV0W m problem ' by P resen «n9 the enhancer compound in such a 
manner that .t can react with the intended component but effectively not with the enzyme. This end can be 

as achieved by separating the enhancer compound from the enzyme. 

To this end, the enhancer compound can be contained, for example, in one or more extra, porous 

layers, such as an overlay, of the strip. The one or more extra layers can be made, for example, of 

cellulose, nylon, polyester or other man-made fibres. The porosity can be selected as desired, for example 

,„ °,2, er V* i hroU9h Wh0 ' e bto ° d ° r 10 ' et throU9h plasma or serum - 1,19 enha "cer layer is preferably 

T n ^ J SUCh 38 3 n0 "" ioniC effective| y serves to P"" «"e plasma or serum 

through to the electrodes. 

For preference, the layer containing the enhancer compound is of cellulosic paper. The nature of the 
paper is not critical, but typically it is a cellulose paper such as those available for the manufacture of tea. 
bags or or the manufacture of indicator papers. The selected material can be impregnated or otherwise 

as coated with a solution of the enhancer compound. 

The paper or other overlay with the enhancer compound can be used in conjunction with other 
overlying layers. For instance, a protective mesh can be employed on the outer face of the sensor The 
mesh is preferably coated with surfactant in order to wet the sample over the face of the target area sensor 
while acting as a preliminary filter and protecting the underlying layers. The mesh can be of polymer for 

<o example nylon or polyester, and the surfactant is typically a non-ionic surfactant, more especially a 
potyoxyethylene derivative. . . 

In fabricating a sensor of the present invention, the existing knowledge can be taken into account 
concerning enzymes, enzyme substrates, etc. In this respect reference is made, for example, to the 
published European Patent Specifications in the name of MediSense. Inc (formerly Genetics International 
45 Inc). and related literature, such as the book Biosensors Fundamentals and Applications, eds Turner 
Karube and Wilson, OUP 1987. ' 

_ The electrochemical sensor is preferably one which involves amperometric detection, and preferably 
utilizes a strip element, especially a throw-away dry strip. Accordingly the sensor electrodes preferably 
compnse electrode areas formed for instance by screen printing, spraying, or other suitable deposition 

so technique. 

For preference, a disposable test element carries a working electrode incorporating the appropriate test 
reagents for generation of a current indicative of the level of analyte, and a reference electrode. Typically in 
the test element the test reagents are in one or more carbon-based layers. The respective carbon mixtures 
are applied on to a conductive track on a support, for example in ctose proximity to a reference electrode 
rraxture connected to a second track. In this way. a sensor is produced which is capable of working with a . 
small sample of blood or other liquid covering the effective electrode areas. The mixtures can be suitably 
applied by screen printing. 

In a particularly preferred embodiment, the present invention provides a dry strip sensor which 



55 



3 



- y 



EP 0 368 474 A2 



10 



copses an elongate. ^^^JTS TXZtt 

and the other being the wor^ g-JJ* ^ J^ppo^ stfp of etectrically 
More especially, such a sensor « suitably cq^gured I »r *e torn o t a PP 9 en(Js the 

insulating materia, such as a ^^Jt^^S^^ electrodes can take the 
two electrodes supported on electncally c^^P^ ^ & ^ tQ be 

form of two rectangular areas s.ae oy « w ' "^J^j^^"^^ desired, non-rectangular 
STJLff ^=£2^ ^angular Js. can be employed to provide 

working electrode but lacking the or at least one enzy n* of ^^J^JJS * subtracted from cna rge 
can M to more reliable results, in that R charge ^ * * ™ of interest, 

passed at the working electrode, then the resulting ^ ,8 «^™2hSve can be screen printed or 
ln a typical manufacturing procedure of a preyed sensor an riNM ™ ^ 

otherwise applied aroun^mp,e ^rZ^^^t^ be positioned over the 
over this area ot paper coated w .Ji Ji= en..a..~. • ^ t , eternent in order to 

enhancer layer and held in place by an insulation ^^^^^ BnaMtM CB. 
, ,eave uncoated both the sample target area and '^^^^-i*^ react with inhibHing 
The present invention is illustrated by the u* of ^^Sttm I*—* invention reiates to an 
products of enzymatic reaction. In particular, but without tel ^^' * , f ^ , g^o, 35 a 

Lho. sensor, where typfcally an ^<*£^£ I^JiS^SSS i theW «n the 
substrate, in contrast to the typical enzyme reaction of this jjayror wn c ^ ^ 

s sensor, the alcohol dehydrogenase converts alcohol 2^^^^^ which in turn can be 
dehydrogenase is accompanied by '^"l^.^ such as a 

detected by transfer of charge from an electrode _wrth the „ ma(Je t0 j ^ C hem Soc 

quinone. phenazine, or other aromatic compound. In ^^•/^^ and j. Etec troanal. Chem. 234 

(1985) 1£. 479: US Pat9nt 4271265: Analy M B,0chem,Stty ( } - ~~~ 
jo pp 163-173 1987. j»u„j»/,-„asf> and so a Door response is obtained 

aom, Mtw«.» «» rospedto nitrogens ol the *M» 1 i* ^JJTfcSl B acolM to me electrode "» 
an*. MM,, the .Mine « "Jr^lTo^f o.W^l in* togtMr with . «W 

^::r; s rSd^ 

^ Ci^. w«hout being restrictive, the P^ZSZZ ^ 
basic Istruction of such a sensor, the reader is referred * which 
Thus, in a specific -P°* *V' n ^>^^ enhancer 
55 employs an enhancer compound * "SSlS^^ The nature of the Wo. compound is not 
compound for a paracetamol mm*m JJ^SEi^bt glutathione. N-acetylcysteine. cysteine, 
particularly critical. For example, the thiol oom P*~™V conforminq with the formula R-SH. 
dithiothreitol. mercaptDethanol. or other thiol compound generally conforming wnn 
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Without being bound by theory, it is hypothesised that the electrochemical detection of paracetamol 
ordinarily proceeds in accordance with the following reaction scheme, resulting in formation of electroactive 
p-aminophenol which is converted to electroinactive quinoneimine: 
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It is then further hypothesised that in the presence of a thiol compound R-SH, the quinoneimine is 
converted to an electroactive p-aminophenol substituted with a thio group -SR, which in turn forms an 
electroinactive substituted quinoneimine, and so on as shown in the following reaction scheme: 
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Regardless of hypothesis, it is observed that higher currents and more reliable results are achieved 
when the thiol compound R-SH is present in the assay system. 
50 The present invention is thus particularly appropriate for use with enzyme/substrate combinations where 
the electroactive product of the enzyme reaction can be converted back to an electroactive compound by 
the enhancer after the redox reaction at the working electrode gives an electroinactive compound. In the 
invention, the generation of fresh electroactive compound gives the desired enhancement of response. 
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Examples of the Invention 



The present invention is illustrated by the following Examples. 
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reference electrode. The target area of ^jj^^-^^rt^ 0 .2 M BES buffer (pH 7.45). and 10- 
Pieces of paper were dipped -*JJ^J^jJ2^ around the target area of each 

r rment in order 10 ,eave uncoated * e area 

and the terminal ends to be .inserted in to a ^j^**^ ^ witn . con trol sensor lacking the 
. Results obtained with the sensors of tt» . mwnwn .n compa Qf me 

overiay are shown in the accompanymg R ^ ^ " ^"^eglated current, in comparison with the 
sensor of this invention was more bnear and gave a greater .megr 



5>OIV=>v» W. M»w 

response ("Control") of the control electrode. 



Example 2 (Comparative) 
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(a) Test elements 

following print mix was employed: 
2.2S g carbon powder 
1.5 g gelling agent 
30 0.225 g surfactant 

0,225 g electron transfer compound 
3.7 g NAD* 

200000-t 000000 U alcohol dehydrogenase 
3, " ^rrent was then measured *. varia«on in alcohol level. A poor response was obtained, indict 
unsuitability for analytical use. 



(b) Test elements with diamine 
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*a~a th« huffer of the working electrode formulation of 
as before. nca 

overlayer contained 10% or 20% dlamme. 

In general, effective electrodes were not obtained. 

Example 3 

"T*™*. W «* MM « - ^' * " m * 
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ethylenediamine in 0.2 M BES buffer at pH 7.5 and then allowing them to dry. They were then placed over 
strips produced as described in Example 2(a), and alcohol solution applied to the test area. These showed 
enhanced currents and a more linear response, indicating that a layering approach may well be successful. 

Initial optimization work involved finding a suitable and reproducible method for placing the coated layer 
over the alcohol strip. This work involved printing an aqueous-based glue around the target area of the strip 
followed by placement and adhesion of the coated layer over this area. A nylon mesh was then placed over 
the diamine layer and held in place by a final insulation print. 



w Example 4 

A range of diamines was obtained, as follows: 
1. 2,5-diaminopyridine dihydrochloride 
2. 1 ,2-diarnino-2-methylpropane 
?5 3. 1,3-diaminopropane dihydrochloride 

4. 3,5-diaminobenzpic acid dihydrochloride 
5. 1 ,2-diaminopropane 

6. m-xyiylenediamine 

7. ethylene diamine 

20 Initial studies involved preparing a range of concentrations of the compounds in buffers at pH 6.5 and 
7.5 and adding various amounts of alcohol. These were tested on strips produced as described in Example 
2(a), and were shown to produce enhanced currents (up to 80 mA). 

Further studies were performed to evaluate the most effective of the diamine compounds for removing 
acetaldehyde from the reaction mixture solutions. These experiments were performed at both pH 6 5 and 

25 7.5. 

Of the compounds tested the following potencies were obtained:- 
compound (2) > compound (3) > compound (5) = compound (7) 
Compound (2), 1 ,2-diamino-2-methylpropane, is therefore preferred. 

The data, when considered in conjunction with the results obtained by adding alcohol/diamine solutions 
30 to strips produced as described in Example 2, showed a trend. There was a correlation between 
effectiveness of the compound and the ability to form 5- or 6-membered ring structures. 

This might be attributable to the fact that the reaction between the diamine and acetaldehyde is a two 
step mechanism: 

1 ) Initial attachment of the free amine on to the carbonyl carbon of acetaldehyde. 
35 2) Ring closure to form a 5 or 6 membered ring system. 

If step (1) is reversible, but step (2) is not reversible, then the effectiveness of the diamines can be 
rationalised. The potency of Compound (2) is then due to the steric orientation of the -NH a groups in 
juxtaposition which gave improved complexation ability. 
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Example 5 



A celluiosic tea-bag material (Schoeller and Hoesch 121) was dip coated in a 10% solution of 1,2- 
diamino-2-methylpropane buffered at pH 7.5, containing 1% (by vol) of a polyoxyethylene-alkyl ether 
45 surfactant. The material was air dried for 12 hours at room temperature before being placed over the 
working electrode. It was held in position by an adhesive which was screen-printed on the periphery of the 
working electrode of a test element prepared in accordance with Example 2(a). 

In Figure 2, the results (a) with this electrode are compared with the results (b) for the electrode without 
overlay. The data demonstrate that the use of an overlay gives a more linear calibration. 



Claims 



1 . An amperometric sensor which, comprises a working electrode, a reference electrode, an enzyme 
55 whose catalytic activity on a substrate results in eletf reactivity, and an enhancer compound which enhances 

the detected electroactivity. 

2. A sensor according to claim 1, wherein the enhancer compound reacts with a product of the enzyme 
activity. 
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3 A sensor according to claim 2. wherein the enhancer compound reacts with an inhibiting compound 
Pt °TT^ZSlZZ fwte the enzyme is being enjoyed to drive an eo,i,i W um reac«on 
. VTSFSSi to Cairn 1. wherein the enhancer compound reacts wHh an e>ectroinactrve 

6. A sensor accoramg iu u . . ^ ^ ^ ^ ^nhanrfir comoound generates an 

compound which is converted an ejwuuuiouuv^ ^... K . 

^iprtrnactive comoound from the electroinactive compound. , 
e '^^ a ^. ng to any preceding daim , ^em the enhancer compound . present ,n such a 

m , nno r that it can react with the intended component but effectively not with the enzyme. 
Ta ^ens^cSinTto i P«e*o ^ C °* P ° Und " ^ 

e T e A sensor according to claim 8. wherein the enhancer compound is' contained in a porous layer 
is overlavinq a layer containing the enzyme. ^^;„„Hoim 
10. A method of amperometric assay which employs a sensor according to any preced,ng cla.m. 



20 



25 



30 



35 



40 



45 



50 



55 



8 



EP 0 368 474 A2 



» 

Best Available Copy 




500 



UJ 

§400 

Q 
UJ 

< 300 
tr 
o 

UJ 

i— 

2 200 - 



< 

UJ 



100 - 



ot 



FIG. 2. 



GSH 
Overlay 



Control 



120 2 AO 360 480 

PARACETAMOL (mg/L) FIG.1 




10 20 



30 40 50 60 
[ALC0H0U7mM 



70 80 



J. 



' 1 



MIS PAGE BLANK (usfto) 



